Histone lysine acetylation and methylation have an important role during gene transcription in a chromatin context 1, 2 . Knowledge concerning the types of protein modules that can interact with acetyl-lysine has so far been limited to bromodomains 1 . Recently, a tandem plant homeodomain (PHD) finger 3 (PHD1-PHD2, or PHD12) of human DPF3b, which functions in association with the BAF chromatin remodelling complex to initiate gene transcription during heart and muscle development, was reported to bind histones H3 and H4 in an acetylation-sensitive manner 4 , making it the first alternative to bromodomains for acetyl-lysine binding 5 . Here we report the structural mechanism of acetylated histone binding by the double PHD fingers of DPF3b. Our three-dimensional solution structures and biochemical analysis of DPF3b highlight the molecular basis of the integrated tandem PHD finger, which acts as one functional unit in the sequence-specific recognition of lysine-14-acetylated histone H3 (H3K14ac). Whereas the interaction with H3 is promoted by acetylation at lysine 14, it is inhibited by methylation at lysine 4, and these opposing influences are important during transcriptional activation of the mouse DPF3b target genes Pitx2 and Jmjd1c. Binding of this tandem protein module to chromatin can thus be regulated by different histone modifications during the initiation of gene transcription.
We characterized the tandem PHD12 finger of human DPF3b ( Fig. 1a and Supplementary Fig. 1 ) binding to histone H3 and H4 peptides containing known modifications using nuclear magnetic resonance (NMR) spectroscopy ( Fig. 1b and Supplementary Fig.  2 ), fluorescence polarization ( Supplementary Fig. 3 ) and isothermal titration calorimetry ( Fig. 1c ) methods. These complementary biophysical measurements yield consistent conclusions on the binding preferences of DPF3b to H3 and H4 that were not resolved previously 4 . The salient features of these studies are summarized as follows (Supplementary Tables 1 and 2 ). The DPF3b PHD12 finger binds to an unmodified H3 peptide (residues 1-18) with a dissociation constant K d of 2.3 mM; this affinity is increased by fourfold (K d of 0.5 mM) when H3 is acetylated at lysine 14 (H3K14ac). The latter is achieved by favourable contributions of binding enthalpy (DH 5 26.6 kcal mol 21 ) and entropy (TDS 5 2.0 kcal mol 21 ) to the free energy of binding (DG 5 28.6 kcal mol 21 ) ( Fig. 1c and Supplementary Table 2 ) that represents a 2.2 kcal mol 21 gain in enthalpy from binding to acetylated H3K14. Notably, acetylation or methylation at H3K4 causes a 15-or 20-fold reduction in affinity to the PHD12 finger, respectively, whereas modifications at H3K9 do not affect the binding. Notably, the PHD12 finger also preferentially recognizes an amino-terminal acetylated H4 peptide (H4-Nac, residues 1-22) with K d of 7.4 mM, as measured by isothermal titration calorimetry.
We solved the three-dimensional structure of the DPF3b PHD12 finger bound to the H3K14ac peptide using NMR methods 6 . The structure of the complex is well defined (Supplementary Table 3 ) and shows that each module consists of a two-strand antiparallel b-sheet followed by a carboxy-terminal a-helix ( Fig. 1d and Supplementary Fig. 3c ). This typical PHD fold 7-13 is stabilized by two zinc atoms coordinated by the Cys 4-His-Cys 3 motif in a cross-brace topology. The two PHD fingers are pressed against one another in a face-to-back direction with the H3 peptide bound across the unified structure. The acetylated K14 and the N-terminal residues of H3 interact with PHD1 and PHD2, respectively ( Fig. 1e ). Binding of lysines 4 and 9 of H3 to acidic residues at the tandem domain interface creates an outward facing loop in the peptide.
The H3 residues Thr 11 to Pro 16 flanking H3K14ac form an extended conformation bound in an elongated groove nearly perpendicular to the b-sheet of PHD1 ( Fig. 2a ). The acetylated H3K14 intercalates into a hydrophobic pocket situated on the b-sheet of PHD1 and lined with Phe 264, Leu 296, Trp 311 and Ile 314 ( Fig. 2a ). The rim of the binding pocket is clustered with Asp 263, Arg 289 and zinc-coordinating Cys 313. The acetyl amide of H3K14ac is positioned within a hydrogen bond distance to the side-chain carbonyl oxygen of Asp 263 and the sulphur hydryl of Cys 313, whereas the acyl chain of H3K14ac interacts with the Arg 289 side chain. Furthermore, the methyl group of H3 Thr 11 binds to Phe 264, Leu 296 and Ile 314 while its hydroxyl group forms a hydrogen bond to the side-chain carbonyl oxygen of Gln 297 ( Fig. 2a ). The individual mutations D263A or F264A, which do not cause structural perturbations to the protein, result in a nearly complete loss of acetyl-lysine recognition, but do not affect unmodified H3 binding (Supplementary Figs 4-8 and Supplementary Table 2 ). These DPF3b residues for acetyl-lysine binding are either structurally conserved (Trp 311 and Cys 313) or functionally distinct (Asp 263, Phe 264 and Arg 289) in the PHD family ( Supplementary Fig. 1 ).
The amino-terminal NH 3 1 group of H3 Ala 1 is recognized by the PEGSWSC hairpin loop (the bold residues are conserved in PHD fingers) in a negatively charged cavity above the b-sheet in PHD2 through hydrogen bonding with backbone carbonyl oxygen atoms of Pro 354 and Gly 356 ( Fig. 2b ). Histone H3 binding is secured with its N-terminal Arg 2-Thr 3-Lys 4 that forms an antiparallel b-strand to Leu 331-Leu 332-Phe 333 in PHD2. Side chains of the N-terminal H3 residues establish a network of interactions with PHD2 residues such as those between H3 Ala 1 and Trp 358, H3 Arg 2 and Asp 335, as well as H3 Lys 4 and Asp 328 and Glu 315. Notably, Glu 315 projects from PHD1 to interact with H3 Lys 9. This cluster of intermolecular interactions forces H3 to adopt a bulge confirmation belted down at Lys 4 and Lys 9 (Fig. 2b) . The H3 peptide is further stabilized by H3 Gln 5 interacting with Asp 329 and Gln 330, and H3 Ser 10 that stacks its hydroxyl group between the side-chain amide of Gln 297 of PHD1 and the guanidinium group of H3 Arg 2.
Ala mutation of Glu 315 or Asp 335 causes an 80-250-fold reduction in affinity to the H3K14ac peptide ( Supplementary Fig. 4c, d and Supplementary Table 2 ), confirming the importance of these residues for H3 binding at Lys 4 and Lys 9 (Glu 315), and Arg 2 (Asp 335). Consistent with the structure, acetylation or methylation of H3 Lys 4 results in a major drop in affinity to the PHD12 finger of DPF3b, much more so than H3 Lys 9 ( Supplementary Tables 1 and 2 ). The structure of the PHD12 finger of DPF3b bound to a H3 peptide (residues 1-20) reveals that the mode of DPF3b recognition of the H3 N-terminal residues remains the same when H3 is not acetylated at Lys 14, albeit with a fourfold reduction in affinity ( Supplementary  Fig. 9 versus Fig. 1d, e ). Taken together, these results show how sequence-specific histone H3 binding by DPF3b is modulated positively by acetylation at H3 Lys 14 and negatively by methylation at H3 Lys 4.
The structure of PHD12 bound to an H4-Nac peptide (residues 1-20) shows that the key acetyl-lysine binding residues Asp 263, Phe 264 and Arg 289 are also engaged in recognition of the N-terminal acetyl group of H4 Ser 1 ( Supplementary Fig. 10 and Supplementary Table 3 ). A network of electrostatic interactions formed between H4 residues Arg 17-His 18-Arg 19-Lys 20 and DPF3b residues of Trp 311, Ile 314, Asp 328, Asp 329, Phe 333, Asp 335, Asp 338 and Glu 355 located at the tandem PHD interface secure the H4 recognition. This mode of H4 recognition by DPF3bboth for the acetyl group and the positive motif-is further confirmed by the three-dimensional structure of DPF3b PHD12 bound to an H4K16ac peptide (residues 9-23) ( Supplementary Fig. 11 and Supplementary Table 3 ).
Our structural analyses indicate that the DPF3b PHD12 uses a conserved mechanism as an alternative to bromodomains for acetyl group recognition 1 . The PHD12 finger uses an Asp 263-Phe 264 motif for recognizing the N-acetyl group of H3K14ac or H4-Nac whereas bromodomains use the conserved signature motif Tyr-Asn, such as Tyr 1167-Asn 1168 in the CBP bromodomain, to interact with that of H4K20ac 5,14 (Fig. 3) . In contrast to PHD12, the acetyl group-binding pocket in bromodomains is constructed with resonances between the free (black) and peptide-bound (red) states. p.p.m., parts per million. c, Isothermal titration calorimetry measurements of PHD12 binding to different H3 and H4 peptides. d, Ribbon diagram depicting the average minimized NMR structure of the PHD12 finger bound to an H3K14ac peptide (yellow) in front and top views. The zinc atoms are highlighted as red spheres. e, Space-filled PHD12 structure, highlighting the H3K14ac peptide (yellow) bound across the unified structure of PHD1 (green) and PHD2 (blue). different structural elements; that is, formed by residues from the inter-helical ZA and BC loops of the four-helix bundle. However, judged from the extent of histone interactions with these modules, PHD12 has more restricted binding preferences for acetylated histone sequences than that of the bromodomains.
We next assessed the functional importance of DPF3b and H3 interactions in mouse C2C12 cells wherein DPF3b is preferentially expressed and functions with the BAF remodelling complex in control of gene transcription in the development of heart and muscle 4 . We observed that the ectopically expressed EGFP-DPF3b fusion protein is co-localized with H3K14ac sites in the C2C12 cell nucleus as visualized by confocal fluorescence imaging, and this co-localization is markedly reduced in the cells transfected with the acetyllysine binding deficient mutants D263A or F264A (Fig. 4a , Supplementary Fig. 12a and Supplementary Table 4 ). We then examined PHD12 binding to H3K14ac for transcription of its target gene Pitx2 located in chromosome 3 using a re-chromatin immunoprecipitation (re-ChIP) assay, in which the cell nuclear extracts were immunoprecipitated sequentially with antibodies directed first against H3K14ac and then against GFP to recover EGFP-DPF3b followed by PCR at the Pitx2 promoter ( Fig. 4b, left) . The re-ChIP results show that DPF3b interacts with H3K14ac at the Pitx2 promoter site, and this DPF3b/H3K14ac co-occupancy at the Pitx2 site was reduced by 2-3-fold in the cells transfected with the D263A or F264A mutant (Fig. 4b, c ). This is consistent with the F264A mutant's inability to bind acetylated Lys 14 of H3 as shown in a peptide pulldown assay (Fig. 4d ). Furthermore, the endogenous cellular transcript of Pitx2 was enhanced by more than threefold in the C2C12 cells transfected with wild-type DPF3b, and the enhancement was reduced to less than twofold with the D263A or F264A mutant (Fig. 4e) . Similar results were seen with another DPF3b target gene, Jmjd1c, in chromosome 10 in the C2C12 cells ( Fig. 4c, e ). Finally, we observed that endogenous DPF2 in the C2C12 cells favours binding to H3 when acetylated at Lys 14 over unmodified H3, and does not bind to H3 when Lys 4 is trimethylated. As positive controls, we confirmed preferential association of endogenous BPTF 15 and HP1a 16 with H3K4me3 and H3K9me3, respectively. Together, these results demonstrate that DPF3b-H3K14ac binding has an important role in gene transcriptional activation.
Functional versatility of the PHD fold, held by two zinc atoms, is underscored by the ability of some PHD fingers to recognize histone H3 that is reinforced positively or negatively by methylation at H3 Lys 4 (ref. 2) . Structural cooperativity of PHD modules in tandem enriches functional diversity [17] [18] [19] [20] [21] . In this study, we show that the tandem PHD12 finger of DPF3b works as one functional unit in recognition of H3 that is modulated by two functionally distinct PHD12 and other protein modules. Comparison of the structural features of acetyl-lysine binding pockets between DPF3b PHD12-H3K14ac (left) and CBP bromodomain-H4K20ac (right) complexes. The protein and peptide residues are colour-coded in the same scheme as described in Fig. 2 .
modifications in transcription-promoted by acetylation at H3 Lys 14 (by PHD1) and inhibited by methylation at H3 Lys 4 (by PHD2). The former provides a mark for recruitment of a chromatin-remodelling complex to target gene a locus required for preinitiation of transcription, whereas the latter leads to DPF3b dissociation and consequent association of the transcriptional machinery complex that signifies initiation and activation of gene transcription (Fig. 4g) . Therefore, the histone H3 interaction modulated by sitespecific different modifications is probably crucial for the function of DPF3b to regulate the transcription of genes, together with the BAF remodelling complex, during heart and muscle development.
Further study is required to characterize DPF3b's unique recognition of the commonly acetylated N terminus of histone H4 (ref. 22) , which is confirmed in C2C12 cells ( Supplementary Fig. 12b ). Collectively, we demonstrate how a tandem protein module functions through lysine acetylation-and methylation-modulated histone binding in a cooperative and inter-dependent manner to control the activation of gene transcription. Signals in the immunoblots were quantified using NIH's ImageJ software, and normalized to the input (1%) as 1.00. e, Relative transcript levels of endogenous Pitx2 and Jmjd1c in C2C12 cells 2 days after transfections with wild-type and mutant DPF3b cDNAs as indicated. f, Evaluation of endogenous DPF2, HP1a and BPTF (also called FALZ) in nuclear extracts of C2C12 cells binding to histone H3 peptides of different modifications. A single filter was used to determine retention of specific endogenous protein for each of the H3 peptides as shown. Separately, 5% of overall input for the peptide pull down was monitored with b-actin. Blots were scanned and densitometry measurements were performed as described in d. g, Schematic diagram illustrating modulation of human DPF3b PHD12 binding to histone H3 by site-specific lysine acetylation and methylation during poised, pre-initiation and initiation/activation stages of gene transcription. PHD1 and PHD2 of DPF3b are colour-coded in yellow and blue, respectively. TF stands for a gene-specific transcription factor, and TMC (orange) represents the transcriptional machinery complex.
METHODS SUMMARY
Biochemical and structural analyses of protein and peptide interactions were conducted by using isothermal titration calorimetry, fluorescence polarization/ anisotropy and heteronuclear NMR spectroscopy methods as previously described 14 . Peptide pull-down assay was carried out with the previously described protocol 23 . Protein-protein interactions at the specific gene loci in the C2C12 cells were assessed in a re-chromatin immunoprecipitation assay. Immunofluorescence imaging was used to assess nuclear co-localization of protein on chromatin.
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
